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OBLIQUE-SHOCKRELATIONSATHYPERSONICSPEEDS

FORAIRINCHEMICALEQUILIBRIUM

ByW. E.Moeckel

SUMMARY

Oblique-shockrelations for air in chemicalequilibriumhavebeen
calculatedforflightvelocitiesupto 25,000feetpersecondataltitudes
upto 200,CQ0feet. Resultsshowthatthoseshockparameterswhichare
functionsonlyofMachnumbernotialto theshockfor anidealgasare
stronglyinfluencedby flightaltitude(initialconditions),a8wellae
normalMachnumber,whendissociationtakesplace..

Thevariationofflow-deflectionanglewithshockangledifferssig-
● nificantlyfromthatof anidealgas. At an altitudeof100,000feetand

a flightspeedof 25,000feetpersecond,forexsmple,thewedgedetach-
mentangleis about14°largerthanthatobtainedforanidealgas.

INTRODUCTION

Tablesandchartsofoblique-shockrelationsforairarecurrently
availableonlyfordownstreamtemperatureslessthan5000°R (ref.1).
Recentcomputationsby theNationalBureauof Standardsoftheproperties
of airinchemicalequilibriumattemperaturesupto 15,000°K (ref.2)
permitextensionofthesechartsto theregionsof interestforhypersonic
aerodynamicsofnonslenderbodies.Somerepresentativecomputations,
basedonthedataofreference2,haverecentlybeencompletedattheNACA
LewisLaboratoryandarereportedherein.Althoughthesecomputationsere
notasdetailedasthoseofreference1,theycontainsufficientinforma-
tionto calculatewithreasonableaccuracytheinviscidflowquantities
downstreamofobliqueshocksof arbitrarystrengthforflightspeedsup
to 25,000feetpersecondandaltitudesupto 200,000feet. Theprincipal
limitationintheuseoftheoblique-shockrelationspresentedhereinis
theassumptionthattheairisin equilibriumdownstreamoftheshock.

.

Twoevaluationsof shockrelationsforairin equilibriumhavebeen
publishedrecently(refs.3 and4}. Bothreferencesarelimitedto

v normal-shockrelations.Reference3 waspublishedbeforethermodynsrni.c
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databasedonthecorrecteddissociationenergyof nitrogen(9.76electron
1

volts)becameavailable.Reference4 usesthecorrectedthermodynamic
dataandcomparesresultswiththevaluesobtainedwiththepreviouslyac- k
ceptednitrogendissociationenergyof 7.37electronvolts.

ANALYSIS

Inthenomenclatureshowninthefollowingsketch,theequationsof

._

b

continuity,conservationofmomentum,conservationof energy,andstate
me asfollows: -.

v
~2”2= %%

& ~’~
(1)

p#2
P2 =RJ— m2

(2a)

(i) -
(3)

(4) “

Allsymbolsaredefinedintheappendix.

Equations(1)and(2a)fieldthefollowingexpressionfora pressure’
coefficientbasedonnormalMachnumberMl sin0:

(5) ,
.=
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Equation(3)can
on normalMachnumber

In equation(6)ttis

the

}can

or

be putintotheformof enenthalpycoefficientbased
asfollows:

.-

assumedthatsmbienttemperaturei~3& eno_@<th@,.
followingideal-gasrelationshold:

#
hl = +tl,
.— -——

~’s:’
Therelationbetweenflow-cleflectionangle~5 andshockanglee
be expressedas

Equations(5),(6),/and(7)showthatallquantitiesdownstreamof the
shock(exceptthespeedof sound)canbe determinediftheratioof normal-
velocitycomponentsacrosstheshock u2/ul isknown.For$with p2 and

h2 known}theotherstatequantitiesP2)tz>- q canbe obteined
fromthecomputedpropertiesof airinequilibriumpresentedinreference
2. Thedeterminationofthesestaterelationsis greatlysimplifiedby
useofthernmdynamicchsrtsforair-preparedfromthedataof reference2.

Theprocedureusedto solvefor %& wasa8follows:

(1)Computep2 and h2 fromequations(5)and(6),respectively,
forseveralsssumedvaluesof u2/ul neartheexpectedcorrectvalue.

(2)Withthevaluesof P2 and h2jusetherumdynamicchartsto ob-
tain t2 and m2. Co~ute p2 fromequation(4).

(3]plot P2/~ fromstep(2)againstassumedul/u2values.The
pointof intersectionofthiscurvewiththeline p2/~ = ul/u2 yields
thecorrectvalueof u2/ul.

.
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Speedof sounddownstreamof shock.- Thespeedof soundof a gas
in equilibriumis givenby

(8)

wherethesubscriptS indicatesthatthederivativeistakenalongan
isentrope.Alternatively,thespeedof soundcanbe expressedby .-

a2= r== YgJRt
P m

whereT is thelocalisentropicexponentl,

(3+a 10
r=

m P s

(9) [

whichisgivenby

(lo)

Fromtheequationof state,thefollowlngequivalentformulasarederived: -

and

()d log P 1
dlog~ ‘r-ms

Thevariationsof logp and logp with

(12)

log& elongisentropes
u

wereobtainedfromthermodynamicchartsplottedfromthedataofreference
2 andfromtheequationof state.Valuesof T werethenobtainedfrom
equations(11)and(12)bymeasuringthelocalslopesofthesecurves.
Resultsareshownas a functionof enthalpyin figure1 forseveralvel-
uesof S/Ro. Althoughsomeinterpolationerroris involvedinreadi~
thethermodynamiccharts,thevaluesof y obtainedfromequations(11)

—

and(12)agreed,@.thin~0.02.

With y known,thespeedof soundis calculatedfromequation(9)
afterp and p aredetermined.

%he isentropicexponentis,of course,notequaltotheratioof , “
specificheatswhendissociationtakesplace.Definitionof y asin
eq.(10)avoidsthenecessityof calculatingspecificheatsforthedis.
sociatinggas. i.



NACATN3895

RESULTS

Computationswerecsrriedoutforthefollowingcombinationsof ini-
tialvelocitysndsltitude:

Altitude,Initislvelocity,
ft VI,ft/sec

The

J
100,000 5,000

10,000
15,000
20,000 ,
25,000

50,000

) {

5,000
150,0CX3 15,000

25,000

200,000 25, CQO

smbientconditionsusedateachaltitudesregivenintableI.

Thecomputationsaresimplifiedconsiderablyif itisnotedthat
U+l is,forgiveriinitialconditions,a functiononlyof thenormal
MachnwiberMlsine. (Ingenersl,iftheinitialenthalpyW suffi-
cientlylargethat hl cannotbe setequalto Cp,ltl~ then u2/ul is

a functionof theinitialnormslvelocityU1 insteadof Ml sinf3.)
Consequently,thepressureratioandenthslpyratioforgiveninitial
conditionsareslsofunctionsonlyof Mlsin r3.Since h2 snd P2

determineS2jt2jm2jand p2,thesequantitiesarealsofunctionsonly
of Ml sin0.

Normsll-VelocityRatio U+l

Theratio u2/ul isplottedin figure2 as a functionof thenormal
Machnumber’Ml sine. Shownforcomparison.isthevariationobtained
fromtheconstsntY formula:

U2Y--1

(

—=—1+
‘1 y+l r-

)+ i ‘in2e

, (13)

.
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FornormalMachnumberslessthan4, theresl-gasresultsdiffer
.

littlefromthe y = 1.4values.In therangeof normalMachnumbers
from4 to 25,thedissociationof air becomesmoreandmoresignificant, “-
andthenormal-velocityratioapproachesthe y = 1.15curve.Theeffect
of altitude(initisltemperatureandpressure)isquiteappreciable.The
initialdivergencefromthe y= 1.4curveisduetooxygendissociation.
For Ml sin(3neer14,theoxygenisalmost.entirelydissociated,and
thecurvestendtowardthehorizontal.Forsomewhatlargervaluesof
Ml sine,thedissociationofnitrogenbecomessignificant,andthe

~curvesagainmovedownward. P-

FlowDeflectionAcrossShock

Therelatl.onbetweenflow-deflectionangleacrosstheshock& and
shockangle6 isshowninfigure3(a)foranaltitudeof lCKl,030feet.
Theconstanty curves,for y = 1.4,seriouslyunderestimatethedeflec-
tionangleforshockanglesgreaterthanabout30°whentheflightspeed
isgreaterthan5000feetpersecond.Thedetachmentangle,forexample,
is60.1°for VI = 25,000feetpersecond,aacomparedwith45.6°forin-
finiteMachnumberwith y = 1.4. Theeffectof altitudeis shownin
figure3(b).

.

.

MachNurriberBehindShock

Infigure4,theMachnumberdownstreamoftheshockisplotted
againstshockangleforseveralflightspeedsat analtitudeof100)000
feet. Ofparticularinterestisthefactthatthesonicpointnmvesfrom
e = 67°at5000feetpersecondto EJ= 75°at 25,000feetpersecond.
(For y=l.4, thesonicpointis e = 68°for ~= =.)

Mass-FlowRatio

Theratioofthemassflowperunitareaacrosstheshock p2V2/plVl
isshowninfigure5. Thisratioisthereciprocalofthestream-tube-
srearatioacrosstheshock.Themeximummaas-flowratiooccursatshock
anglesconsiderablysmallerthanthatatthesonicpoint.Thisresultis
duetothestrongentropychangewithshockangleandisalsoobtained
usingideal-gastheory. —

Temperature ..

Thetemperaturedownstreamoftheshockisshowninfigure6 aaa
functionof normalMachnumber.Temperaturesarehigherat50,000feet b
thanat100,000feetbecauseof thehigherpressureatloweraltitudes

.
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whichinhibitsdissociation.
turesat150,000feetare,of
tureatthisaltitude.

7

Theinitially.higherdownstreamtempera-
course,duetothehighersmbienttempera-

EntropyIncrease

Theincreaseinentro~acrossoblique-shockwavesisshowninfig-
ure7 asa functionof normalMachnumber.Considerablylargerincreases
inentropysreobtainedathighnormalMachnumbersfortherealgasthan
fortheidealgas.

OtherParameters

Withtheoblique-shockrelationsplottedinfigures2 to 7, all
otherflowparametersdownstreamoftheshockareeasilyobtained.The
densityratiosacrosstheshockaresi~lythereciprocalsofthenormal-.
velocityratiosoffigure2. PressureandenthsLpydownstreamofthe
shockarealsoobtainablefromfigure2 withtheaidof equations(5)and

u (6). Theabsolutevelocityandspeedof sounddownstreamoftheshock
canbe calculatedfrom

or

and

‘2
.a2“q

(14a)

(14b)

(15)

where u2/~ isobtainedfromfigure2, p2V2/fiV1fromfigure5, and
M2 fromfigure4.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,October17,1956

4
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APPENDIX - SYMBOLS

a

CP

Cv

6

h

J

M

m

1?

R

%

s

t

‘o

u

v

v

r

5

e

speedofsound,ft/sec

specificheatatconstantpressure

specificheatatconstantvolume

accelerationdueto gravity,32.16ft/sec2

enthalpy,Bt@b (h= O forundissociatedairat t = 0)

mechanicalequivaentofheat,778ft-lb/Btu

Machnumber

molecularwei@t,lb/lb-mole

moleculerweightof undissociatedair(28.86forcompositionofref.
2)

pressure,lb/sqft

gasconstant,1.987Btu/(lb-mole)(OR)

R/~

entropy,Btu/(lb)(%]

temperature,‘R i

referencetemperatureofreference2,491.69°R

velocitycomponentnormalto shock,ft[sec

resultantvelocity,ft/sec

velocitycomponentparallelto shock,ft/sec

isentropicexponent(Tl= 1.4)

flow-deflectionangleacrossshock,deg

shockangle,deg

>

P density,lb/cuft
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.
Subscripts:

s s differentiationalongisentrope

1 conditions

2 conditions

upstresmof shock

downstreamof shock

9
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TABLEI. - ASSUMEDAMBIENTCONDITIONS

Altitude,Pressure,Density,Temperature,DimensionlessDimensionless
ft Pl) PI? *1) enthalpy, entropy~

atm lb/sqft oR %l%lto %/Ro

o 1.0 0.0765 519 3.70 23.6

50,000 0.1145 0.01165 392,4 2.795 25.0

100,000 0.0106 0.001065 392.4 2.795 27.4

150,000 0.00142 9 .81 X10-5 573.5 4.085 30.9

200,000 0.000314 1.988W0-5 619.4 4.41 32.7

●

✘
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1.

u 4 8 12 16 20 24 28
NormalMachnumber,Ml sin-e

Figure2; - Normal-velocityratio across shockwav& asfunctionofnormalMachnumber.
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Flowdeflection,6, deg

(a)Effectofvelocity.Altitude,lCO,~feet.

Figure3. - Shockangleas functionofflow-deflectionangle.
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Fiwa4.-Machumberdm’nstrmm@ shock. G
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Figure5. - Mass-flawratio SCTOSE shockwaves.

#-

I



mcA TN 3895 17

NormalMachnumber,Ml sin9

Figure6.-Temperaturedownstreamofshockwave.
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